This paper reviews the design and fabrication of polydimethylsiloxane ͑PDMS͒-based conducting composites and their applications in microfluidic chip fabrication. Owing to their good electrical conductivity and rubberlike elastic characteristics, these composites can be used variously in soft-touch electronic packaging, planar and three-dimensional electronic circuits, and in-chip electrodes. Several microfluidic components fabricated with PDMS-based composites have been introduced, including a microfluidic mixer, a microheater, a micropump, a microdroplet controller, as well as an all-in-one microfluidic chip.
I. INTRODUCTION
Microfluidic devices for analytical and bioanalytical chemistry, micro-total-analysis systems ͑-TAS͒, or laboratories-on-a-chip incorporate a miniaturized analysis system in microfabricated chips in order to handle small volumes of samples, accelerate the speed of analyses, increase the resolution of separations, improve the selectivity and sensitivity of detection, and realize the automation of procedures.
1-4 Indeed, in -TAS, an entire analytical procedure can be integrated by constructing various components, such as micromixers, 5 microheaters, 6 microvalves and pumps, 7, 8 microsorters and separators, 9, 10 and microsensors and detectors, 11 to realize specific functions including sample pretreatment, labeling reaction, separation, downstream reaction, detection, and others. A single portable biochip, which can integrate all such functions, is applied to various biological or chemical functions, such as polymerase chain reaction ͑PCR͒, 12 protein separation, 13 single-cell analysis, 14 immunoassay, 15 and chemical synthesis. 16 The earlier methods to design and fabricate microfluidic component devices employed a silicon or glass wafer with photolithography, a technology offering advantages in microelectronics and microelectromechanical systems; however, the disadvantage is that the above wafers are not easily integrated with electrodes and also are difficult to be bonded with transparently multilayered structures. [17] [18] [19] A simpler and cheaper alternative to photolithography is so-called "soft lithography." This technology fabricates patterns in microchips by a replica molding, which entails the casting of a liquid prepolymer of an elastomer against a master's surface having a predetermined relief structure. [20] [21] [22] After curing or solidifying, the pattern is transferred from the master to the elastomer. Prepolymers used for the microfluidics so far include polycarbonate, 23 polyimides, this paper, we review the characteristics of PDMS materials and PDMS-based conducting composites, the design and fabrication of conducting PDMS-based microdevices, as well as their applications.
II. DESIGN AND FABRICATION OF PDMS-BASED CONDUCTING COMPOSITES
PDMS is a silicon-based organic polymer that has been widely used in the microfluidic chip fabrication owing to its good elastic property, nontoxicity, biocompatibility, optical transparence, noninflammability, chemical inertness, as well as conformability, among other attributes. Commonly, a chip is fabricated by soft lithography, which entails replica molding and chip sealing [20] [21] [22] ͑Fig. 1͒. This method generates a variety of microstructures with the dimensions as small as ϳ20 m. Another important property of PDMS material is that it allows for fabrication of other microelectromechanical devices, such as microvalves, micropumps, micromixers, and microheaters. 29 However, PDMS is an inert polymer, lacking conductive and magnetic properties. Besides, due to the weak adhesion between metal and PDMS, it is difficult, while fabricating microdevices, to pattern metallic structures on its surface or into the bulk. Hence, the integration of conducting structures into bulk PDMS has been a critical issue, especially as regards electrical devices, which require electrodes for the signal control and detection. Recently, some new synthesis processes have been developed to transform pure PDMS material to a conductive or a magnetic composite by the addition of carbon black powder or iron particles, respectively. 30 Very recently, Niu et al. developed a method of patterning conductive structures using PDMS-based conducting composites, synthesized by uniformly mixing conductive micrometer silver or nano-FIG. 1. Schematic illustration of the procedure for preparing a simple PDMS-based microfluidic chip. ͑a͒ Fabricate master by photolithogray using photoresist. ͑b͒ Cast PDMS prepolymer and cure. ͑c͒ Peel off PDMS replica with designed pattern. ͑d͒ Seal the replica with another flat PDMS. meter carbon particles with PDMS gel ͓Figs. 2͑a͒ and 2͑b͔͒. 31 The silver and carbon black particles were easy to mix with the PDMS gel owing to their desirable wetting characteristics. The conductivities of the two types of composites increased rapidly when the concentrations exceed threshold values of 83 and 10 wt %, respectively. In the experiment, the gel was embedded into a photoresist mold on a glass substrate to pattern the conductive composites; after baking, the gel was cured into a solid, and the designed part of the conducting composite was retained on the substrate by removing the photoresist ͑the fabrication process can be found in Ref. 31͒ . Scanning electron microscopy images of electric circuit fabricated with conducting PDMS composites are shown in Fig. 2͑c͒ . The dimensions of the patterns can range from tens to hundreds of micrometers. The experimental results indicated that two-dimensional ͑2D͒ and three-dimensional ͑3D͒ conducting microstructures were constructed and integrated into PDMS bulk material. The advantage of using PDMS-based conducting composites is the ease of bonding and embedding microstructures into PDMS-based microchips, forming electric signal connections in a 2D or 3D microstructure, thereby greatly enhancing the potential functionalities in microfluidic chips.
III. MICROFLUIDIC COMPONENTS

A. Fabrication of microfluidic chips from PDMS
Many research groups have made considerable effort to construct, by photolithographic technology, various microfluidic components on silicon, glass, and polymer substrates in -TAS including hydrodynamic ͑micropump and microvalve͒, thermodynamic ͑microheater͒, and electrodynamic ͑microelectrode͒ devices, as well as detection units ͑microsensors and microdetectors͒. 20, 32 Recently, PDMS-based microfluidic devices have received much attention, and there has been considerable progress in fabricating PDMS-based microfluidic devices with multiple functionalities, the ultimate goal is the attainment of lab-on-a-chip integration. 30, 33, 34 These efforts have benefited from the development of the soft lithography microfabrication method. In this context, PDMS has played an important role, not only served as the stamp for pattern transfer but also as a unique material in chip fabrication. These microfluidic devices fabricated with PDMS material include, but are not limited to, fundamental passive or active microvalves, micropumps, micromixers, microheaters, microsorters, separators, microsensors and detectors, etc. 
B. Microfluidic valves
Microfluidic valves are one of the fundamental components of hydrodynamic devices, controlling the movement of fluids by means of flow regulation, on/off switching, and sealing of liquids, gases, or vacuums. 8 Usually, microvalves are controlled or actuated by piezoelectric elements, 1 pneumatic solenoid, 30 hydrogels, 35 or other means. Their actuation principles are varied as reviewed by Oh and Ahn. 8 For example, Frevert et al. 36 reported a pneumatic microvalve chemotaxis device fabricated by soft lithography using PDMS materials to track migration of individual neutrophils. The device was a three-PDMS-layer stacked structure in which the top layer was a fluidic channel, the bottom layer was a dead-end pneumatic channel, and the middle layer was a 12-m-thick moving PDMS membrane fabricated by spin coating and curing a thin layer of PDMS precursor solution onto a featureless silicon wafer. The microvalve was opened or closed by applying negative pressure ͑ϳ30 kPa͒ or positive pressure ͑ϳ10 kPa͒, respectively, to its pneumatic channels. Niu et al. 37 introduced an electrodynamic and digitally addressable microvalve for millisecond-fast response time to control other fluid flows. The valve is actuated by smart giant electrorheological ͑GER͒ fluid, 38 which is a type of colloidal suspension exhibiting solidlike behaviors, such as the transmission of shear stress under an applied field of 1-2 kV/mm. The transformation from liquidlike to solidlike behavior is relatively quick, of the order of 1-10 ms, and reversible. Such a controllable variation in the rheological property makes a wide variety of potential applications possible, such as clutching, vibration damping, and valves. Figure 3 is a schematic design of PDMS-based multilayered GER microvalves fabricated by soft lithography. The electrode material is a composite synthesized by mixing PDMS and carbon black at a carbon concentration of 25% ͑w/w͒ to form so-called C + PDMS gel. After being patterned and cured at 80°C for 1 h, a 300-m-thick C + PDMS hardened sheet was achieved ͑the black block in Fig. 3͒ . The sheet ͑film͒ resistance of the C + PDMS electrode was measured at about 150 ⍀ / cm by four-point probe measurement. In operation, the flexible diaphragm sandwiched between the ER channel and the flow channel is pull and push actuated by the on-off voltage applied to ER fluid. The pressure increases exponentially between the upstream and downstream valves as the electric field increases as a result of the viscosity variations in ER fluid under different field strengths.
C. Microfluidic pump
Microfluidic pumps are another fundamental component in a microfluidic system used to displace fluid inside chips. Many types of pumps have been designed and fabricated for different mechanisms, for example, the piezoelectric transducer actuator pump utilizing electrical/ mechanical energy conversion. 39 Wang and Lee 40 fabricated a PDMS-based pneumatically driven peristaltic micropump. The maximum pumping rate demonstrate by this micropump was 7.43 l min −1 provided by a micropump with seven membranes actuated by 20 psi air pressure and 9 Hz operation frequency. Atencia and Beebe 41 introduced a novel magnetically driven biometric micropumping system. The pump, using vortices shed by an oscillating ferromagnetic bar inspired by the behavior of swimming animals and flying insects, has a range of operation from 3 to 600 l min −1 . Wang et al. 42 reported a high-pressure electro-osmosis micropump fabricated by bonding a silica monolithic matrix within a 100-m-inner-diameter fused silica capillary. The maximum flow rate and pressure generated by this pump were 2.9 l min −1 and 3 atm for de-ionized water at 6 kV applied voltage, respectively. Elsewhere, there are still other designs based on various pumping mechanisms including pneumatic pumps, electrostatic pumps, shape memory alloy pumps, and more. However all these pumps can be categorized into two classes: ͑1͒ displacement ͑mechanical͒ pumps incorporating moving parts such as check valves and diaphragms or ͑2͒ dynamic pumps. Almost all the displacement pumps are closely related; that is, they incorporate, to a greater or lesser extent, the principles of valves discussed above. 7, 43 The design and fabrication of PDMS-based pumps in recent years have paralleled the development of soft lithography technology, which provides for better integration of microfluidic devices. For example, Weibel et al. fabricated a screw-valve-actuated PDMS-based pump that offers the advantages not only of storing multiple reagents in chips but also of controlling the rates of reagent flow. 44 Liu et al. 45 designed and fabricated a GER fluid-driven pump actuated by electric signals and applied to eight PDMS-based conducting electrodes ͓shown, respectively, from A to H in Fig. 4͑a͔͒ . In this design, a five-layer structure was embedded inside the PDMS chip, the bottom layer channeling ER fluid that can affect the flow of the circulating fluid on the top layer via the pull-push movement of the diaphragms between two pairs of electrodes. That is, when the voltage is applied to one pair of electrodes, the viscosity of the ER fluid between them increases, thereby slowing or even stopping the flow velocity of ER fluid. This causes the pressure to accumulate or decay under the diaphragm between two pairs of electrodes, thereby pushing or pulling the diaphragm upward or downward, respectively ͓Fig. 4͑b͔͒. The pumped flux varies as a function of the intensity and frequency of the electric field, respectively. For example, if the intensity of all of the signals is fixed at 2 kV/mm, the flux reaches a peak at about 1.3 l s −1 at a frequency of ϳ35 Hz, whereas if the frequency is fixed at 10 Hz and the applied electric field is varied, the flux increases monotonically with the field in an exponential dependence from 0 to 0.8 l s −1 when the field is between 0.4 and 2.4 kV/ mm −1 . The direction of the fluid flow and the pumped flux can also be controlled through digitized programmable eight-electrode action sequences. FIG. 3 . Flow chart of the fabrication of GER microvalve with embedded C + PDMS electrodes and its working principle. When ER fluid flows inside layer 2, the pull and push action of the diaphragm is realized by applying a voltage across the electrodes.
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D. Microfluidic mixer
Rapid mixing of two or more streams of fluids is an important issue with regard to various microfluidic devices. Typically, there are two mixing modes, the passive mode and the active mode. 5 The former depends only on diffusion or chaotic advection, which induces 3D helical fluid motions from patterned structural asymmetries that can fold streams into highly nested thin slices so as to facilitate local molecular interdiffusion. For example, Stroock et al. 46 reported a staggered herringbone passive mixer to reduce the mixing lengths that stretch and fold the volumes of fluid over the cross section of the channel.
Active mixers differ from the passive type in that the external energy is intentionally input into the system to help achieve chaotic mixing. These external energy sources include, but are not limited to, electrokinetics ͑e.g., Lee et al. 47 reported an active electrokinetically driven mixer utilizing zeta potential variations based on electro-osmotic flow͒, surface acoustic wave ͑e.g., Liu et al. 48 developed an acoustically driven mixer based on the acoustic microstreaming principle; Shilton et al. 49 demonstrated increased efficiency in particle concentration/separation and in generating intense micromixing in microliter drops by using concentric circular and elliptical transducers to focus the wave͒, and magnetohydrodynamics ͑Ryu et al. 50 fabricated a magnetic stir bar composed of a free rotating rotor to which was applied a rotating external magnetic field͒.
A cross-stream active mixer represents a system in which the flow in the main microfluidic channel is perturbed by actively controlled side-channel flows. 51, 52 Niu et al. 53 integrated an active chaotic mixer with a PDMS-based chip to be actuated by GER fluid valves. The mixer consists of a main flow channel and six pairs of orthogonal side channels. The operation of the mixer chip relies on the perturbation of the main channel x-direction flow by cross-stream side-channel y-direction flows. The side-channel flows are driven by pressure changes in the ER fluid channel and move through thin membranes at the bottom of the control bars located at the end of each side channel ͑Fig. 5͒. Figure 5͑b͒ shows schematically the working principle of the ER valves. During operation, square-wave electrical voltage signals ͑0-800 V͒ are applied between the PDMS-based conducting electrodes connected to a high-pressure source on one side and a low-pressure source on the other in order to close or open the ER fluid flows so that the membranes on the two sides of the main channel can be pushed and pulled alternately, leading to pulsating sinusoidal crossstream flows in the six pairs of side channels. The GER effect assures that the ER control channel can modulate large shear stress, thereby supplying large perturbations; such modulations can drive the membrane area by as fast as 20 Hz or above due to the fast ͑milliseconds͒ response of the ER fluid and the rapid pressure buildup used in the design.
E. Microfluidic heater
The microfluidic heater is a ubiquitous element in the -TAS, enabling multiple functions such as those involving physical and chemical sensors, chemical reactors, pumps, and other devices. A common design of these microheaters is thin metallic or doped-Si layers on a dielectric ͑or insulating͒ substrate, which is often a freestanding membrane to reduce the thermal mass of the 
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system. For example, Arata et al. 54 patterned nickel on a glass plate with sputtering and photolithography in fabricating a thin-film microheater. The heater heats its internal and external area in 1 ms by Joule heating generated by a thermal source. 55 Thus far, there have been only a few reports on heaters fabricated with conducting PDMS composites, which probably reflect difficulties entailed in electrode fabrication and thermal field distribution in PDMS matrices as well as inertial thermal conductivity ͑about 0.15 W / m K͒. However, doping conductive particles such as silver and carbon cannot only increase the electrical conductivity but also thermal conductivity. For example, Cong and Pan 56 doped 17%-21% by volume silver powder in the PDMS matrix to obtain superb thermal conductive PDMS of 71-81 W / m K, which is thought to be mainly attributed to the conductivity of silver filler. Liu et al. 57 fabricated a flexible display device using PDMS/silver-based composites as electrodes and formed of two composite materials: A thermochromic polymer sheet for the upper layer, produced by mixing thermochromic powder with PDMS ͓Figs. 6͑a͒-6͑c͔͒, and a silver-embedded PDMS conductive composite electrode in a patterned logo for the lower layer ͓Fig. 6͑d͔͒, produced by the soft lithographic technique. Conducting composites offer the advantages of ease in patterning microconducting wires and in integrating electrical circuits. When voltage is applied to the two outstretched electrodes, the resulting electrical current will generate localized heating to the thermochromic layer that lies directly above the conducting wires. Once the local temperature rises to 60°C or above, the color of the thermochromic layer promptly changes from dark green to white, leading to a visible, white image of the logo.
F. Microfluidic thermal sensor
Recent interest in microfluidic chips for chemical and biological functions has also focused on thermal detection and control, as such functionalities are important in microreactions and bioprocesses, for instance, in experiments regarding DNA sequencing and cell biology applications. 58 Platinum thin film has commonly been used as a temperature sensor in microchips. 59 Thermal microscopic scanning, using fluorescent particles as sensors, has also been employed. 60 In another approach, infrared cameras are frequently utilized to not only obtain surface temperature distributions via images 61 but also constitute a feedback system for temperature control. 62 Liu et al. perature of 60°C and above. Together with the embedded PDMS/silver-based microheater and optical sensor, microfluidic chips can easily be monitored in their local thermal characteristics and controlled through a feedback electronic system.
IV. MICROFLUIDIC DROPLET DETECTION AND MANIPULATION
Compared to conventional batch methods, -TAS has the ability to use very small quantities of sample to carry out fast separation and detection with high sensitivity and resolution. For example, it can shorten the time of DNA amplification and increase the PCR throughput, since the high surface-to-volume ratio within the microfluidic environment enables heat to be dissipated rapidly, thus reducing the thermal capacity of the PCR system and improving thermal cycling efficiency. The development of general on-chip detection methods, as reviewed by Schwarz et al., 11, 64, 65 has comprehended optical detection ͑especially laser-induced fluorescence͒, electrical detection ͑potential titration, capacity sorting, amperometric detection, and reactance measurement 66 ͒, microwave-based detection, mass spectrometry, magnetic resonance detection, and other functionalities. Although optical detection methods are the most widely used 10,67 ͓e.g., employing either a photodiode for simple counting or a high-speed charge-coupled-device camera with image processing for detection of more detailed characteristics͔, large optical detection devices limit the advantages of portable chips. Nowadays, part of the driving force behind the future of -TAS is to exploit more direct and convenient electrical approaches to the signal collection considering the overall miniaturization and automation requirements.
Sensing and detection involving electric fields, comparable to optical detection, has been put forward as an alternative. 10 Electrical detectors meet the requirements of -TAS for in-field uses. Amperometric detection, for example, is suitable, owing to its low limits of detection, high selectivity, and compatibility with microfabrication techniques. Moriera et al. 68 fabricated a multichannel PDMS/glass-based analytical microsystem with patterned Ag electrodes for parallel ampero- FIG. 7 . Diagrams of the optical-electrical temperature sensing and control processes. Combined with computer storage of calibrated control signals, this process can achieve accurate local temperature control in microfluidic devices. The process is operated via a control box shown in the upper right panel ͑Ref. 63͒.
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PDMS-based microfluidic chips Biomicrofluidics 3, 012007 ͑2009͒ metric detection. In the area of sensing and detecting noncontinuous volume in the forms of droplets, 9, 67, 69, 70 as droplet size and distance can vary spatially and temporally, Niu et al. 71 introduced a capacity detection method to detect droplet size, shape, and composition. They employed a multistage process and soft lithography to fabricate the microfluidic chip with embedded parallel electrodes ͓Figs. 8͑a͒-8͑d͔͒. The electrodes were made by mixing micron-sized Ag particles with PDMS gel. Electrical sensing or detection often requires the array and integration of multiple electrodes into chips. The common method is to pattern a thin layer of conductive materials on the surface of a wafer. However, it is not easy to fabricate two parallel electrodes on the opposite sides of a microchannel, as multilayer bonding is almost inevitable. By installing a pair of parallel electrodes across the microfluidic channel, very small capacitance variations can be detected when a droplet passes through. Due to the electrode's design and feedback electronic circuit ͓Fig. 8͑e͔͒, real-time and accurate determination of the size, shape, and composition of droplets ͑having picoto nanoliter volumes͒ is available. The operational frequency can reach up to 10 kHz, a speed that is difficult to realize by conventional optical means. Thus, capacitive measurement of droplets has the potential to be a simple, fast, and less expensive method that can be integrated into portable laboratory chips for in situ detection and control of droplets ͑see Fig. 9͒ .
V. INTEGRATED ALL-IN-ONE MICROFLUIDIC DEVICES
The concept of -TAS entails the integration of the different steps of an analytical process into a miniaturized flow system in order to realize fast, automated analysis of very small sample volumes.
3,72 These steps include functionalities such as sample prehandling, mixing and separation, sorting and detecting, transportation, recovery, and automation for reproducibility. 73, 74 Microvalves, pumps, heaters, and mixers, among other devices usually provide the means for sample pretreatment, mixing, and transportation, whereas microsensors, detectors, sorters, separators, and others make their contributions in the sample post-treatment process. For example, Fu et al. 69 developed an integrated microfabricated cell sorter using PDMS and soft lithography, which includes peristaltic pumps, dampers, switch valves, as well as input and output wells, to realize automated sorting and recovery of cells on the chip. A single microchip with integrated functions was reported for application to the purification of nucleic acids, a process which includes cell isolation, cell lysis, DNA and mRNA purification, and recovery, in sequence. 75 Lee et al. 33 fabricated an integrated chip for chemical synthesis of sensitive compounds. Dodge et al. 76 realized the electrophoresis separation, selection, and digestion of a protein of interest in a single chip for mass spectrometry identification. Cheng et al. 77 incorporated bioparticle filtering, focusing, sorting, trapping, and detecting into one chip in order to achieve multitarget pathogen detection.
With a PDMS-based conducting electrode system, Liu et al. 78 demonstrated a highly integrated microfluidic chip having the functionality of DNA amplification ͑Fig. 10͒. The integrated chip was fabricated by soft lithography using PDMS with embedded Ag/carbon-PDMS electrodes, combining a GER-actuated micromixer and micropump with a microheater and temperature sensor. The chip was mainly composed of two layers where the lower layer was the control layer that dictates the status of the main reaction channel located in the upper layer. Elastic PDMS diaphragms sandwiched between the lower and upper layers serve to separate the fluids in the two layers, as well as to displace the reaction fluids in the upper layer channels via their up and down elastic deformations. The latter is the basic actuation mechanism of the GER fluid pump as described above. Two GER fluid channels ͑marked with blue͒ were used for activating the micromixer and micropump. There are three branch channels for the micropump, each sandwiched between a pair of PDMS-based electrodes. Under a series of coordinated electrical signals applied to the three electrodes ͑on the three branch channels͒, pressure differences will be established by GER pumping mechanism so that a pumping action is generated by the diaphragms to propel the fluids in the upper-level main channel ͑with flow direction perpendicular to the three branch channels͒. For the mixer, there are two GER fluid channels with two pairs of electrodes sharing a common ground. Pressure conditions in the two branches are designed to be opposite in phase and alternating in time, leading to a pulsating flow in mixer's side channels ͑that are perpendicular to the main channel͒, via the actions of the diaphragms. The pulsating flow of the side channels is what drives the mixing action in the main channel. There are also three air valve channels distributed within the lower layer. Driven by compressed air, they produce on-off functions to control the flow of microreagents during the PCR process. There is a heater array comprising three adjacent microheaters. With electrical control signals, desired temperatures can be maintained FIG. 8 . ͑a͒ Flow chart of the microfluidic chip fabrication with parallel electrodes using soft lithography for droplet detection and control. ͑b͒ An optical image of the channel mold and conductive components. ͑c͒ and ͑d͒ are optical images of the droplet detection area and directional flow control area. The scale bar in ͑d͒ is 200 m. ͑e͒ An optical image of the circuit board and the mounted chip for droplet detection ͑Ref. 71͒.
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within the helical patterned areas in the three heating chambers located at the upper layer. To avoid interferences among the three heaters, an adiabatic groove is made to surround each of the heaters for thermal insulation. With such a highly integrated device, this system demonstrates a flexible electrode array, digital control characteristics, and high PCR efficiency.
VI. CONCLUSIONS
Until now, PDMS-based conducting composites have been composed mainly of carbon black and silver particles on PDMS substrates. The composites inherit good electrical conductivity from the embedded particles as well as the elastomeric characteristic from PDMS, which render them suitable for the soft lithography process and feasible for integration with other devices. Composites of this type enabled a methodology for constructing planar and 3D microstructures via soft lithography. Different patterns of electrodes can also be fabricated by soft lithography using these materials. Hence various electrical microfluidic devices including micromixers, pumps, valves, heaters, and thermal sensors are achievable. GER fluids as smart materials are incorporated into electrodynamic devices such as mixers, pumps, and valves to realize controllable sample mixing and transportation. Such independent functional devices can be conveniently integrated to carry out multistep chemical or biological reactions, for example, PCR. However, PDMS-based conducting composites have some disadvantages, for example, a PDMS elastomer has a very low Young's modulus compared to other metals and the cracks usually appear in the doped layer when FIG. 9 . ͑a͒ An optical image of a group of water droplets with different sizes. A small amount of dye was added for labeling. ͑b͒ The detected signals ͑Ref. 71͒.
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X. Gong and W. Wen Biomicrofluidics 3, 012007 ͑2009͒ it elongates and therefore causes an electrical failure. The conducting PDMS-based heater is not able to sustain high temperature due to the properties of PDMS. To improve the stability and reproducibility of conductivity, doped particles need to be modified to increase the compatibility between an inert PDMS matrix and fillers in the future. Nevertheless, the preliminary results obtained with PDMS-based conducting composites, especially the applications in microfluidic fabrication, are very promising and further intensive investigations should be carried out in the future.
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